. In addition to the kinase-dependent "forward that express EphB1. Ephrin-B2 is expressed at the signaling" pathways mediated by Eph receptors, there mouse chiasm midline as the ipsilateral projection is is considerable genetic and biochemical data demongenerated and is selectively inhibitory to axons from strating that EphBs also "reverse signal" (see Kullander and Klein, 2002, for review). In this context, EphBs have ventrotemporal (VT) retina, where ipsilaterally probeen shown to serve as guidance cues for dorsal retinal jecting RGCs reside. Moreover, blocking ephrin-B2 axons expressing ephrin-Bs, a mechanism which has function in vitro rescues the inhibitory effect of chiasm been proposed to regulate pathfinding to the optic disc cells and eliminates the ipsilateral projection in the in mouse (Birgbauer et al., 2000) and to the tectum in semiintact mouse visual system. A receptor for ephrin-
press ephrin-B2 also express BLBP, although not all we investigated the expression of all three known BLBP ϩ cells are lacZ ϩ (Figures 2G-2I ). These ephrin-B2 ϩ ephrin-Bs at E14.5, a stage at which the permanent cells also express GLAST and RC2 on their processes ipsilateral projection from VT retina begins to form. Only ( Figures 2J-2M ), confirming that they are in fact radial ephrin-B2 mRNA is found specifically at the chiasm midglia. Consequently, we feel that ephrin-B2 is positioned line at this age (Figure 1 ). Although ephrin-B3 is exproperly to participate in retinal axon divergence. pressed widely throughout the diencephalon both dorsal and caudal to the chiasm ( Figures 1G-1I) , it is absent Ephrin-B2 Is Most Inhibitory in the region surrounding the third ventricle, where the to Uncrossed RGC Axons cell bodies of the midline radial glia reside (Marcus et al.,
To directly test whether axons from VT retina are inhib-1995). Ephrin-B2, however, is expressed in the midline ited by ephrin-B2, we cultured retinal explants on perregion immediately dorsal to the chiasm ( Figure 1E ) and missive substrates of poly-ornithine and laminin, to is absent in more anterior ( Figure 1D ) and posterior (Fig- which were added varying concentrations of recombiure 1F) regions. nant mouse ephrin-B2 ectodomain fused to human Fc We first detected weak ephrin-B2 expression in the (Gale et al., 1996) . Since ephrin-B-Fc dimers have been ventral diencephalon at E12.0-E12.5 ( Figure 1J ), a time shown to require clustering for activity (Davis et al., when few if any RGC axons have reached the midline 1994; data not shown), we used an anti-Fc antibody to (Sretavan, 1990; . By E13.5, aggregate the ephrin-B2-Fc before applying it to the ephrin-B2 is expressed broadly along the floor of the culture dish. Using EphB2-transfected HEK cells grown third ventricle at the chiasm midline ( Figure 1K ). At this on these substrates, we confirmed that ephrin-Bs aggreage, dorsocentral retina gives rise to both crossed axons gated in this way are capable of clustering and phosas well as a transient population of uncrossed axons, phorylating EphB receptors at levels as low as 1 g/mL ( Figure 3A) . which turn at a distance from the midline and are thought 
In the first series of experiments, we cultured explants
Previously, we demonstrated that Xenopus ventral retinal axons can be misrouted by ectopic ephrin-B2 (Nakafrom all four quadrants of mouse retina on three different concentrations of ephrin-B2-Fc or Fc alone as a control.
gawa et al., 2000). In order to determine whether ephrin-B2 is selectively inhibitory to these axons, we cultured Neurite outgrowth from dorsonasal (DN) and dorsotemporal (DT) explants was not significantly affected by
Xenopus retinal explants on ephrin-B2-expressing L cells (see Supplemental Data available online at http:// even the highest (8 g/mL) concentration of ephrin-B2 tested, whereas outgrowth from ventral explants was www.neuron.org/cgi/content/full/39/6/919/DC1). Neurites from explants of ventral but not dorsal retina reduced significantly in a dose-dependent manner (Figures 3B and 3C) . Moreover, at an intermediate concen-
were both significantly shorter and fewer in number when grown on membranes from L-ephrin-B2 cells comtration (1 g/mL), a differential effect of ephrin-B2-Fc on ventral explants was observed. Only outgrowth from pared to control cells (Table 1) . Taken together, these data demonstrate that ephrin-B2 is capable of eliciting VT explants was reduced significantly, suggesting that VT axons are more sensitive to ephrin-B2 than axons appropriate region-specific responses from retinal axons in both Xenopus and mouse. from other regions of the retina. To test this more rigorously, we cultured ventral explants on a range of concentrations of ephrin-B2 in order to generate dose reEphrin-B2 Is Required to Generate the Ipsilateral Projection sponse curves. At every concentration tested, VT explants were more strongly inhibited by ephrin-B2 than Next, we sought to determine whether endogenous ephrin-B2 is necessary for the ipsilateral projection to VN explants ( Figure 3D ), confirming that VT axons are most sensitive to ephrin-B2. These differences were sigform. While two lines of ephrin-B2 knockout mice have been generated (Wang et al., 1998; Gale et al., 2001), nificant at every concentration except 0.1 g/mL and were most dramatic at 0.5 g/mL.
the early neonatal lethality of these mutants prohibits genetic analysis of ephrin-B2 function in the optic chicantly by ephrin-B1 or ephrin-B3, whereas the growth deficit of VT explants on ephrin-B2 was rescued comasm. As an alternative, we have blocked ephrin-B2 function in two different in vitro preparations. EphB4 has pletely. EphB4-Fc had no effect on its own or on dorsal explants grown on Fc or ephrin-B2. However, EphB4-Fc been reported to be a receptor which is specific for ephrin-B2, with little if any affinity for ephrin-B1 or evoked a significant and specific reduction of outgrowth from DT explants grown on either ephrin-B1 (27%, p ϭ ephrin-B3 (Brambilla et al., 1996). We therefore reasoned that a soluble form of this receptor ectodomain, EphB4-0.004) or ephrin-B3 (20%, p ϭ 0.01). This could be due to the fact that ephrin-B2 is found at high levels in dorsal Fc, would block endogenous ephrin-B2.
To Figure 4A ). When EphB4-Fc is added to the culture medium, VT explants were still inhibited signifibe used to specifically block ephrin-B2 without affecting other ephrin-Bs that may be present in our culture syset al., 1995). In a paradigm that more closely approximates the in ent at the time of dissection, we were able to limit our analysis to those uncrossed fibers generated de novo in Figure 5G ), and centrally in both temporal and nasal retina in horizontal sections (arrows in Figure 5B ). By during the culture period. An ipsilateral component of the RGC projection could be detected in the majority of E14, EphB1 is found in VT as well as dorsocentral retina (arrowheads in Figure 5H ), though the expression in doruntreated (83%, n ϭ 18) or Fc-treated (59%, n ϭ 22) cultures ( Figure 4E , Table 2 ). Conversely, in all but one sal retina is absent by E15.5 ( Figure 5I ). Retinal ganglion cells are generated in a central to of the cultures treated with EphB4-Fc (n ϭ 11), the uncrossed component was absent, despite the apparently peripheral wave (Drager, 1985) , and there is a corresponding translocation of EphB1 expression in temporal normal size and morphology of the crossed component. Therefore, normal ephrin-B2 function appears to be reretina toward the periphery at later ages ( Figures 5C-5E ). By E17, the strongest EphB1 expression is confined to quired in this culture system for the ipsilateral projection to form. However, since we did not focally apply the a small number of RGCs bordering the lens (Figures 5E and 5J). EphB1 mRNA can also be found in the outer EphB4-Fc to the chiasm region, we cannot rule out the possibility that EphB4-Fc may be acting on ephrin-B2 nuclear layer as well as in both dorsal and nasal ganglion cells at this age. Since ephrin-B2 is no longer present elsewhere in these cultures. Nonetheless, together with the data from the retina-chiasm cocultures, these experin the chiasm and few ganglion cells project ipsilaterally at E17, EphB1 may subserve another function at this iments strongly suggest that midline ephrin-B2 plays a critical role in directing the formation of the uncrossed time. Taken together, these results demonstrate that EphB1 is expressed both early in dorsocentral and later visual projection.
in VT retina and therefore is positioned appropriately to direct ipsilateral ganglion cells throughout development. were generated and subsequently mated to obtain germline transmission of the targeted null allele. EphB1 mRNA, and no signal was detected with sense probes in either organism (data not shown).
EphB1 Is Expressed in Regions of Retina that Give Rise to the Ipsilateral Projection
heterozygotes were subsequently mated, leading to the birth of normally appearing EphB1 homozygotes at the To determine whether the time course of EphB1 expression is consistent with the generation of the ipsilatexpected Mendelian ratio ( Figure 6C ). PCR analysis determined that exon 3 was deleted in the homozygotes eral projection, we performed in situ hybridization on horizontal ( 
. EphB1 Expression in Mouse Retina (A-J) Horizontal (A-E) and frontal (F-J) sections of EphB1 expression in mouse retina from E12 through E17. At E12, there is little detectable EphB1 in the retina (A and F). From E13 through E14, EphB1 is expressed in dorsocentral retina (arrows in [G] and [H]), though at E13 it is still absent in VT (asterisk in [G]). By E15.5, there is no expression in dorsocentral retina, but strong expression in VT (D and I). By E17 (E and J), the domain of expression in VT is significantly reduced, while EphB1 has been upregulated elsewhere in the retina. (K) Schematics of the approximate domain of EphB1 expression at each of the ages examined. Scale bar in (A), 200 m in (A)-(D) and (F)-(I), 300 m in (E) and (J).
at the optic chiasm, we performed anterograde DiI fills To ensure that the formation of the uncrossed projection is not simply delayed in EphB1 mutants, we peron these mutants. In E17.5 wild-type and heterozygote embryos, a normal ipsilateral projection was observed formed DiI labeling on postnatal day 1 animals (Figures 7K-7M). As in E17.5 embryos, the ipsilateral optic tract in the vast majority of cases (arrowhead in Figure 7A , Table 3 ). A similar projection pattern was seen in is nearly absent at P1 in EphB1 Ϫ/Ϫ mutants ( Figure 7M ). Serial frontal sections (data not shown) confirmed this EphB2 Ϫ/Ϫ mutants ( Figure 7B ), suggesting that although EphB2 is found at high levels in ventral retina (Supplefinding. We scored, blind to genotype, the phenotypes of all E17.5 and P1 animals examined. All wild-type, mental Figure S1H and Birgbauer et al., 2000), it has little impact on midline guidance decisions. In contrast, EphB1
, and EphB2 Ϫ/Ϫ animals examined had either a "normal" or "reduced" ipsilateral projection, EphB1 Ϫ/Ϫ mutants display a marked and consistent reduction in the size of the ipsilateral optic tract (Fig- with the "reduced" category likely reflecting the variability in completeness of DiI filling inherent to the method ure 7C).
In whole mounts such as these, it is possible that we used. In contrast, all EphB1 Ϫ/Ϫ animals were categorized as having either "none/very small" or "reduced" ipsilathave missed a substantial portion of the ipsilateral optic tract, as only superficial axons are visualized. Therefore, eral projections ( ; EphB3 Ϫ/Ϫ double mutants, many dorsal axecting axons were seen ( Figure 7H ). To quantify these data, we used image analysis software to measure the ons overshoot the optic disc within the retina, presumably because EphB2 and EphB3 serve as ligands for size of both optic tracts in these sections ( Figure 7J guidance errors within the optic nerve or optic tract, To confirm this, we retrogradely labeled RGCs from one optic tract using rhodamine-conjugated Dextran 6000 although a conspicuous absence of ipsilaterally projecting axons is seen in EphB1 Ϫ/Ϫ but not wild-type or ( Figure 8A ). In wild-type animals, dextran labeling can be observed throughout the contralateral eye but at EphB1 ϩ/Ϫ embryos (Supplemental Figures S3B-S3F) . To address the second possibility-that the chiasm itself much lower density in the VT crescent, where ipsilaterally projecting RGCs reside ( Figure 8C ). In the ipsilateral may be abnormal-we examined the expression of ephrin-B2, RC2, SSEA-1, and neurofilament and were unable eye, a small but dense patch of labeled cells is observed in VT retina ( Figures 8D-8F) , with few labeled cells found to detect any differences in EphB1 mutants compared to wild-type and heterozygote littermates (data not shown).
elsewhere. In EphB1 Ϫ/Ϫ retinae, dense and nearly uniform labeling is again evident in the contralateral eye Thus, it is likely that the midline guidance defect in EphB1 mutants is a specific phenotype attributable to ( Figure 8G ). However, in contrast to wild-type retinae, very few labeled cells were observed in the ipsilateral the loss of EphB1 function in VT retina.
eye, although most labeled cells are still found in VT (Figures 8H-8J ).
More Axons Arising from VT Retina Cross the Midline in EphB1 Mutants
We manually counted, blind to genotype, the dextranlabeled cells within the VT crescent of both the ipsilateral Our analysis of partial VT DiI fills suggests that fewer RGCs in VT retina project ipsilaterally in EphB1 mutants.
and contralateral retinae and used these values to calcu- tal Procedures). Because there is variability in the completeness of labeling among embryos, this method animals, this suggests that haploinsufficiency of EphB1 may cause a delay in the development of the ipsilateral ensures that the contralateral eye serves as an internal "loading control." As illustrated in Figure 8B, Figure 8B) . haeghen, 1998). Ephrin-Bs, in particular, have been shown to establish repulsive boundaries that are avoided by migrating cells and axons during developSeverity of the EphB1 Phenotype From our counts of retrogradely labeled RGCs in the ment. Our work suggests a novel role for a specific B-subclass receptor-ligand pair in sorting axons at an retina, we find that EphB1 Ϫ/Ϫ and EphB1 lacZ/Ϫ embryos exhibit a 69% and 76% reduction in the NII compared intermediate choice point, here the optic chiasm. To our knowledge, we provide the first direct evidence that to wild-type controls. However, these values were based only on the number of cells within VT and were conephrin-B2 is necessary for the ipsilateral projection to form and demonstrate that axons of ipsilaterally producted at an age when the ipsilateral projection had not yet fully developed. In our counts of sections of jecting RGCs are most sensitive to its effects. Furthermore, we have identified a receptor for ephrin-B2, retrogradely labeled EphB1 lacZ retinae (Table 4) , we find that there are 5.2 times fewer ipsis in EphB1 lacZ/Ϫ (1.30% EphB1, whose dynamic expression pattern precisely matches the location of ipsilaterally projecting ganglion of total) compared to EphB1 lacZ/ϩ (6.72% of total) embryos. These counts are probably the most accurate of cell bodies and which is required for the proper formation of the ipsilateral projection. Through retrograde laour measures, as they take into account all ipsilateral and contralateral RGCs except those in sections where phenotype, it is likely that the reduction observed in EphB1 mutants is even more severe relative to wildEphB1 is not expressed. However, since only contralateral RGCs are found in these sections, this should not type animals. It should also be noted that all EphB mutants and wildaffect the relative difference between the two genotypes. Since heterozygotes at this age display a partial type controls were maintained on a CD1 background, Our analysis of the EphB1 mutant phenotype demonstrates that EphB1 is a key receptor dictating crossing their CD1 counterparts, although we have not included data from pigmented strains in any of our analyses of behavior in the optic chiasm. However, the ipsilateral projection is not entirely eliminated in these mice, and the EphB1 mutant phenotype. We have noted that pigmented EphB1 lacZ/ϩ mice generally have more ipsis and the few remaining ipsilateral RGCs-even in triple mutants-still originate mainly from VT retina. Additionally, a larger domain of lacZ expression than CD1 EphB1 lacZ/ϩ mice (data not shown). However, since it is impossible while many contralateral RGCs colocalize with lacZ in EphB1 lacZ/Ϫ animals, the percentage of colocalized cells to compare age-matched littermates of different strains, we are reluctant to make any general conclusions rein the contralateral eye (37.2% Ϯ 0.3%) is still significantly lower than in the ipsilateral eye (48.1% Ϯ 2.3%, garding EphB1 expression in pigmented versus albino strains. p ϭ 0.0014). This suggests that another EphB-independent mechanism may prevent VT axons from crossing the midline in these mutants. An intriguing possibility is Mechanisms of Midline Crossing and Avoidance There are at least three possible mechanisms that could that there is a factor which enables axons to project contralaterally and that this factor is absent from VT. A account for the reduced number of ipsilateral RGCs observed in EphB1 mutants. First, EphB1 may be resecond but not mutually exclusive possibility is that the residual ipsilateral optic tract found in EphB1 mutants quired for the proper differentiation of ipsilateral RGCs and may have little to do with axon guidance per se.
is simply the result of fasciculation with contralateral axons from the opposite eye. Studies in which monocuSecond, EphB1 may be required for VT axons to be repelled by the chiasm midline, but in its absence, VT lar enucleation has been performed at an early age have revealed a decrease in the number of ipsilaterally proaxons may stall or misproject and perhaps later become eliminated. Third, EphB1 may be required for midline jecting RGCs (Chan et al., 1999) , suggesting that ipsicontra fasciculation is important for the proper formarepulsion and, in its absence, VT axons instead project contralaterally. Our finding that contralateral RGCs colotion of the ipsilateral optic tract. In support of this, we have observed that the ipsilateral component grows incalize with the lacZ marker for EphB1 expression in EphB1 lacZ/Ϫ embryos demonstrates that many presumpcreasingly larger in EphB1 ϩ/Ϫ animals with age as the size of the optic tracts increases. tive ipsilateral RGCs aberrantly cross the midline in the absence of functional EphB1. Therefore, we favor a mechanism whereby EphB1 is not only required for VT Regulation of EphB1 Levels on RGC Axons Although four EphB receptors are present in VT, only axons to project ipsilaterally but that the absence of EphB1 is sufficient to cause many of them to misproject EphB1 seems to be required for midline guidance, suggesting that there are mechanisms in place to regulate contralaterally.
In sections of anterogradely labeled animals, we have which EphBs are present on growth cones at different points along their trajectory. The data from our experinot detected any obvious examples of guidance errors in EphB1 mutants other than the midline crossing defect. ments with dorsal retinal explants in which EphB4-Fc was used to block ephrin-B2 function ( Figure 4A ) raise While gross retinal axon guidance defects such as those observed in Slit1; Slit2 mutants can be observed in static the possibility that endogenous ephrin-Bs may modify EphB function in cis as has been previously reported preparations (Plump et al., 2002) , a more subtle phenotype may be difficult to discern by our methods and for ephrin-As ( press lacZ ( posite eye in an EphB1-independent manner. Another for the lacZ allele using either X-gal histochemistry (Suri et al., 1996) possibility is that EphB1 may be downregulated after at this time, it will be difficult to determine which of For retina-chiasm cocultures, retinal explants were plated on polythese receptors are required in this system. However, ornithine/laminin coated dishes and allowed to adhere for 2 hr before adding chiasm cells. Chiasm explants were dissected and dissocidespite the differences in how the visual system devel-ated as described previously (Wang et al., 1995) Figure 7B ) were pooled from animals of the following genotypes: 
